CelR is a transcriptional regulator that controls the expression of cellulases catalyzing cellulose hydrolysis. However, the structural mechanism of its regulation has remained unclear. Here, we report the first structure of CelR, in this case with cellobiose bound. CelR consists of a DNA-binding domain (DBD) and a regulatory domain (RD), and homodimerizes with each monomer bound to cellobiose. A hinge region (HR) in CelR connects the DBD with the RD, and Leu59 in the HR acts as a 'leucine lever' that transduces a transcriptional activation signal. Furthermore, an a4 helix mediates the ligand-binding signal for transcriptional activation. Tyr84 and Gln301 can potentially alter the ligand specificity of CelR. This study provides a pivotal step toward understanding transcription of the cellulases.
cellulase genes in T. fusca is critical for improving its use in industrial applications.
Cellulose biodegradation by bacteria and fungi is subject to transcriptional control. Several transcriptional regulators of cellulase genes in Trichoderma reesei have been reported [13] , including activators ACE I and ACE II, and the glucose repressor Cre1. In T. fusca, CelR is a transcriptional regulator that controls the expression of cellulase genes. CelR is a member of the LacI/GalR family that was initially characterized as a repressor of cellulase genes because it bound to the celO operator located upstream of several cellulase genes in T. fusca [14, 15] . The CelR-celO complex was dissociated by cellobiose, indicating that cellobiose acts as an effector for the CelR-transcribing cellulase genes in T. fusca [8] . However, T. fusca cellulases showed distinctly different regulation patterns, and the regulatory mechanism of CelR is not fully understood yet. cel9B, cel9A, and cel5A (encoding b-1,4-endoglucanase) exhibited higher mRNA transcription in the celR deletion mutant of T. fusca, whereas cel6A and xyl10A (encoding b-1,4-endoglucanase and b-1,4-endoxylanase, respectively) showed decreased transcription or no detectable transcription, respectively, in the same mutant [16] [17] [18] . In addition, E7 (encoding a predicted cellulose-binding module domain that has no recognized binding site for CelR) showed higher mRNA expression in the celR deletion mutant of T. fusca [17, 19] . Therefore, CelR may act as a repressor of cellulase expression and putatively as a transcriptional activator for other genes involved in cellulose degradation.
Here, we report the first crystal structure of T. fusca CelR in complex with cellobiose at 1.63 A resolution. This high-resolution structure along with mutagenesis data revealed key functional residues that relay the cellobiose-binding signal to transcriptional activation and shed light on how the ligand is recognized and how subsequent events lead to transcription. CelR specifically recognized cellobiose, which is a signature marker of cellulose hydrolysis catalyzed by cellulase. Structural information can help in attaining a better understanding of the regulatory mechanisms of cellulase genes in T. fusca and in the development of CelRbased biosensors for cellulase engineering, which would improve the cellulose availability for the sustainable biosynthesis of fuels and chemicals.
Materials and methods

Protein cloning, expression, and purification
The full-length T. fusca celR gene (residues 1-340) was inserted into the NdeI and XhoI sites of the pET28a plasmid with an N-terminal 69 His tag. The resulting plasmid was transformed into the Escherichia coli BL21(DE3) strain. The transformed cells were grown in Luria Bertani (LB) medium to an optical density of 0.7 and induced with 0.5 mM isopropyl-1-thio-b-D-galactopyranoside for 18 h at 18°C. The cells were harvested by centrifugation at 5600 g and resuspended in lysis buffer containing 300 mM KCl, 50 mM KH 2 PO 4 , and 5 mM imidazole. Initially, CelR was purified using the Profinia TM Affinity Chromatography Protein Purification System (Bio-Rad, Hercules, CA, USA) that is configured for automated His-tag affinity chromatography with a desalting function. CelR was eluted with desalting buffer containing 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 8.1 mM KH 2 PO 4 (pH 7.4). The CelR was further purified with a 0-600 mM NaCl gradient on a HiTrap-Q column (GE Healthcare, Madison, WI, USA) containing 20 mM Tris-HCl (pH 8.0), and the peak fractions were pooled. Finally, the filtrate was applied to a Sephacryl S 300 column (GE Healthcare) equilibrated with 25 mM Tris-HCl (pH 7.4), 200 mM NaCl, 5 mM b-mercaptoethanol, and 5% (w/v) glycerol. CelR was finally concentrated to 25 mgÁmL À1 for crystallization.
Crystallization, data collection, and structure determination Before crystallization, CelR was preincubated with 3 mM cellobiose for 1 h at 4°C. Crystals of the CelR-cellobiose complex were grown at 20°C using the hanging-drop vapordiffusion method by mixing 2 lL protein solution and 2 lL crystallization solution containing 11% polyethylene glycol 3350 and 0.1 M Tris-Cl (pH 8.2-8.5). Diffraction data were collected at À170°C using 30% (w/v) glycerol as a cryoprotectant. The crystals belonged to space group C2 with dimensions of a = 77.577 A, b = 122.428 A, and c = 47.498 A, and contained one molecule in an asymmetric unit. Diffraction data from native crystals were collected using a synchrotron X-ray source at 0.97931 A on beamline 7A at the Pohang Accelerator Laboratory (Pohang, Korea). The datasets were processed and scaled using the HKL2000 program (HKL Research, Inc., Charlottesville, VA, USA). The crystal structure was determined by molecular replacement using the PhaserMR program from the CCP4 program suite [20] . Escherichia coli purine repressor, PurR (PDB ID 1JH9) was employed as the search model for CelR [21] . Crystallographic refinement was performed using PHENIX [22] and model building was performed using COOT [23] . The final model of the CelR-cellobiose complex was found to have an R value of 16.6%. Crystallographic and refinement statistics are summarized in Table 1 . The structure was visualized using PYMOL software (DeLano Scientific LLC, San Carlos, CA, USA).
Cellobiose biosensor assay
To test the transcriptional functions of CelR and its mutants in vivo, we used a cellobiose biosensor that was previously described by our group [24] . With the cellobiose biosensor, a pCBGESS plasmid was derived from the pCU19 plasmid (pUC19 ori) using ampicillin as the selection marker. celR (or its mutants) and sfGFP were oriented in opposite directions with respect to the plasmid promoter and terminator, respectively. The HCE promoter and tL3 terminator were introduced upstream and downstream of celR and its mutants. sfGFP was constructed with the Trc promoter and rrnBT terminator located upstream and downstream of the gene, respectively. The LacI-binding site of the Trc promoter was substituted with the CelR-binding site of celO. Escherichia coli DH5a cells harboring the pCBGESS plasmid were grown at 37°C in LB medium containing ampicillin and different cellobiose concentrations for 16 h to detect dose-dependent fluorescence signals.
Gel-filtration analysis
To test the oligomeric state of the wild-type (WT) and F79A mutant of CelR, size-exclusion chromatography was performed using a Superdex 75 10/300 GL column (GE Healthcare). The running buffer contained 25 mM Tris-HCl (pH 7.4), 200 mM NaCl, 5 mM b-mercaptoethanol, and 5% (w/v) glycerol. Protein standards with molecular weights of 200 kDa (b-amylase), 150 kDa (alcohol dehydrogenase), 29 kDa (carbonic anhydrase), and 13.7 kDa (ribonuclease) (Sigma-Aldrich) were used to estimate the molecular weight of the CelR proteins. 
DNA-binding assay
Results and Discussion
Overall structure of the CelR-cellobiose complex A crystal of the full-length CelR regulator (residues 1-340; molecular weight, 36 kDa) bound with cellobiose was obtained and diffracted to a 1.63 A resolution (Figs 1, S1, Table 1 ). CelR shares 29.91%, 28.86%, and 24.32% sequence identity with the purine repressor (PurR), catabolite control protein A (CcpA), and the lactose repressor (LacI), respectively, which are the most similar transcriptional regulators with known structures (Fig. S3 ). The crystal contained one molecule each of CelR and cellobiose in the asymmetric unit (Fig. 1B) . Homodimer formation was generated by a two-fold crystallographic symmetry operation (Fig. 1C ). This result was corroborated by gel-filtration analysis, which showed that CelR was eluted as a peak corresponding to homodimer (78.2 kDa, Fig. S2 ). The crystal structure of CelR adopts the classical overall architecture of the LacI/ GalR family of regulators, which consists of both a DNA-binding domain (DBD, residues 1 to 49) and a regulatory domain (RD, residues 66 to 340). The DBD contains a canonical helix-turn-helix motif that is essential for recognizing the celO operator DNA. In the absence of celO DNA, electron density was not observed for the linker region from residues Arg57 to Thr61, suggesting that the DBD could move freely with respect to the rest of the protein (Figs 1, S3 ). The RD is structurally divided into N-and C-terminal subdomains. Cellobiose was sandwiched between the interfaces of the N-and C-terminal subdomains of the RD.
A 'leucine lever' in the hinge helix region A flexible linker that connects the DBD and RD exists in approximately 60% of all LacI/GalR-family homologs [25] . The flexible linker of CelR contains a motif that forms a 'hinge helix' in the known structures of homologs ( Fig. 2A ) [26, 27] . Because the side chains of the linker in CelR form hydrophobic interactions specific to the celO operator, these interactions appear to be critical for recognizing the celO operator [26, 28, 29] . A member of the LacI/GalR family (PurR)
showed that DNA binding-induced folding of the hinge helix is essential for its DNA-binding ability [27, 30, 31] . The methyl groups of Leu54 and its symmetry-related mate, Leu54ʹ, in the hinge helix intercalated into a conserved central operator (5ʹ-CytpGua) by van der Waals interactions with oxygens atoms of nitrogenous DNA bases. These Leu54/Leu54ʹ residues act as 'leucine levers' to kink the operators by 45°and unwind the major groove, which affects the DNAbinding affinity [27, 31] . The structure of CelR revealed that the putative hinge helix connecting the DBD to the RD is partially disordered (residues Arg57 to Thr61) in the absence of its operator celO (Figs 1B,  S3 ). Leu59 in this region of CelR corresponds to Leu54 of PurR, which is highly conserved in the LacI/ GalR family.
To verify the transcriptional functions of WT CelR and its mutants, we used a genetically encoded cellobiose biosensor that employs WT CelR or its mutants to activate the expression of a fluorescence reporter gene in response to cellobiose in E. coli (Fig. S4) [24] . With WT CelR, the cellobiose biosensor exhibited fluorescence only in the presence of 1 mM cellobiose, whereas a CelR mutant with Leu59 substituted by Ala (L59A) in the putative hinge helix showed fluorescence regardless of cellobiose induction (Fig. 2B ). This result indicated that the L59A mutation abolished the regulatory function of CelR by eliminating its ability to bind to the celO operator. To corroborate the celO-binding abilities of WT CelR and the L59A mutant, a gel-retardation assay was performed. The L59A mutant showed significantly reduced binding to the celO operator compared to WT CelR, even at a 20-fold higher concentration of CelR L59A compared to WT CelR (Fig. S5A) . Interestingly, a 100-fold excess of the L59A mutant showed similar celO binding compared to WT CelR (Fig. S5B) , suggesting that Leu59 of CelR is crucial for celO regulation because it affects the binding affinity to the celO operator. Previously, the A55T mutant of CelR showed a weaker DNA-binding affinity for celO
À9 M) and formed a less stable complex with DNA in the presence of cellobiose [15] . Using the cellobiose biosensor, we also found that the A55T mutant generated approximately sevenfold higher fluorescence than WT CelR in the absence of cellobiose, confirming that the A55T mutant had a weaker celO-binding affinity than WT CelR (Fig. 2B ).
a4 helix mediates the ligand-binding signal to promote transcriptional activation
The crystal structure of CelR contains a unique a4 helix in the N-terminal subdomain of the RD (spanning residues Asn75 to Ala80), which is found only in CelR homologs. This region is present as a short loop in other LacI/GalR-family members, indicating that the a4 helix is a signature structure conserved in CelR homologs (Figs 3A, S3 and S6). Within the RD, the a4 helix lies on the bottom of the N-terminal subdomain facing the C-terminal subdomain and is close to the dimeric interface, which is involved in both cellobiose binding and dimeric-interface formation (Fig. 1B) . Based on the critical location and multi-interaction nature of the a4-helix, we hypothesized that it plays a switch function to promote transcriptional activation of the CelR. In the three-dimensional crystal structure (Fig. 3B) , Leu78 and the structural mate Leu78ʹ Tf CelR 
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Ala85ʹ and Val88ʹ (Fig. 3C) . To examine the role of the a4 helix residues in CelR, we substituted residues Lys77, Leu78, and Phe79 with alanine and analyzed the fluorescence of the mutants using the cellobiose biosensor. The F79A mutant showed no fluorescence following induction with 1 mM cellobiose (Fig. 3E) , and the dimer structure of the F79A mutant was well preserved (Fig. S2) . In addition, an L78A mutant also showed no response to cellobiose (Fig. 3E) . These results indicated that the Phe79 and Leu78 residues are important for mediating the ligand-binding signal during the transcriptional activation of CelR. Within the RD in the present structure, Lys77 forms salt bridges with Glu73 and Glu81 from the N-terminal subdomain and Asp229 from the C-terminal subdomain. However, Lys77 was not directly involved in dimer-interface formation or cellobiose binding (Fig. 3D ). Asp229 is conserved in CelR homologs as a negatively charged residue (i.e., either Asp or Glu). We thus hypothesized that Lys77 helps stabilize the Nand C-terminal subdomains of the RD by salt bridge formation and that mutations at this site could be tolerated. As expected, the K77A mutant showed approximately 90% fluorescence of the WT CelR (Fig. 3E) , indicating that Lys77 was structurally stabilized in CelR. Overall, the a4 helix is a signature structure of CelR that lies near the cellobiose-binding pocket and the dimeric interface, and Leu78 and Phe79 in the a4 helix may function to propagate the allosteric transition.
The C-terminal subdomain of the RD was critical for cellobiose recognition
Cellobiose is accommodated as an inducer in a hydrophilic pocket at the interface between the N-and Cterminal subdomains of the RD (Fig. 4A) . Hydrogen bonding and hydrophobic interactions are likely to play significant roles in cellobiose recognition. The reduced b-D-glucose moiety of cellobiose created hydrogen bonds with the side chains of Glu81, Tyr84, Ser132, Asp284, and Arg205 (Fig. 4A) . The nonreduced b-D-glucose moiety of cellobiose formed hydrogen bonds with the backbones of Ser132, Gly153, and Ile169, as well as the side chains of Asp168, Asn171, Gln301, and Arg205. Among these interactions, Asn171, Arg205, Asp284, and Gln301 in the C-terminal subdomain of the RD generated stronger interactions with cellobiose than did residues Glu81, Tyr84, Ser132, Gly153, Asp168, and Ile169 in the N-terminal subdomain. These four C-terminal subdomain residues are highly conserved in the LacI/GalR family (Fig. S3) .
To evaluate the functional importance of key residues in the C-terminal subdomain of the CelR RD, the most highly conserved residue (Arg205) was mutated to generate R205A and R205E, and fluorescence analysis was performed using the cellobiose biosensor. The R205A and R205E mutants showed no response to cellobiose (Fig. 4B) , implying that the Arg205 residue in the C-terminal subdomain of the RD is essential for recognizing cellobiose as an effector molecule. In addition to hydrogen-bonding interactions, the aromatic rings of Phe83 and Phe230 in the N-and C-terminal subdomains of the RD, respectively, were stacked on opposite sides of cellobiose. Mutagenesis revealed that the F230A mutant exhibited significantly reduced fluorescence in the presence of 1 mM cellobiose, whereas the F83A mutant retained 62% fluorescence compared to WT CelR (Fig. 4B) , suggesting that Phe230 stacking in the C-terminal subdomain of the RD is also important for cellobiose recognition.
Tyr84 and Gln301 are potential residues for engineering a CelR-based biosensor Based on the determined CelR structure, Tyr84 and Gln301 were considered as residues that could potentially alter the ligand specificity of CelR. Tyr84 contributes to both cellobiose recognition and dimerinterface formation. In the present structure, the side chain of Tyr84 forms a hydrogen bond with O3 of cellobiose and a hydrophobic interaction with Leu78. In addition, the main chain of Tyr84 was also stacked with Phe79ʹ from the other monomer (Figs 3B,C and 4A). Notably, Leu78 and Phe79 reside in the a4 helix, which is functionally and structurally important in transcriptional activation of the cel operon in T. fusca. To evaluate the function of Tyr84 in T. fusca CelR, five mutants were generated at this site: namely Y84A, Y84E, Y84F, Y84K, and Y84Q. Among these mutants, the Y84F mutant showed similar fluorescence to WT CelR, and the Y84A variant showed decreased florescence when analyzed with the cellobiose biosensor (Fig. 5A) . These results suggested that the bulky aromatic side chains in this position are important for cellobiose recognition by CelR. Thus, Tyr84 potentially alters the ligand specificity of CelR. Importantly, Ile79 in E. coli LacI (the equivalent of Tyr84 in CelR) frequently binds to new ligands including fucose, gentiobiose, lactitol, and sucralose [32] .
Asn171, Arg205, and Gln301 in the C-terminal subdomain of the RD stabilize cellobiose by forming six hydrogen bonds that represent the primary interaction between cellobiose and CelR. Gln301 formed hydrogen bonds with O2ʹ and O3ʹ of the nonreduced glucose moiety of cellobiose. Gln291 of E. coli LacI (equivalent to Gln301 in CelR) is also critical for binding to new effector molecules [32] . Based on these previous findings, we generated five mutants (Q301A, Q301E, Q301K, Q301N, and Q301Y) to examine the effects on cellobiose recognition. The Q301A and Q301Y variants showed almost no fluorescence in response to a low cellobiose concentration (1 mM) but gave responses comparable to WT CelR at high cellobiose concentrations (10-40 mM, Fig. 5B ). The Q301N variant exhibited maximum fluorescence in response to 10 mM cellobiose and decreased fluorescence in response to lower (1 mM) or higher (40 mM) concentrations of cellobiose. The different sensitivities of Gln301 variants to cellobiose suggested that Gln301 is a strong candidate residue for designing and engineering biosensors for cellobiose detection and cellulase evolution.
Conclusions
We report the first structure of the CelR-cellobiose complex, which regulates the expression of multiple cellulases in T. fusca. CelR adopts the classic structural folds of the LacI/GalR family, consisting of both a DBD and a RD, and exists as a homodimer with each cellobiose being sandwiched between the N-and C-terminal subdomains of the RD. Leu59 resides in a putative hinge region functioned as a 'leucine lever' that is crucial for transcriptional activation of the cel operon. The unique a4 helix of CelR mediated the cellobiose-binding signal to promote transcriptional activation and contributed to structure stabilization. The C-terminal subdomain of the RD of CelR is critical for cellobiose recognition. In particular, residues Tyr84 and Gln301 can potentially be engineered to modify the ligand specificity and sensitivity of CelR. The present crystal structure of CelR provides a pivotal step toward understanding transcription of the cel operon at the molecular level and could be used for developing a novel CelR-based biosensor with altered effector specificities or sensitivities.
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